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Structural Dependence of the Luminescence from Bis(substituted-benzenethiol)-

(2,9-dimethyl-I,1O--phenanthroline)zinc(II) Complexes

K. J. Jordan, W. F. Wacholtz, and G. A. Crosby*

Abstract

Changes in luminescence spectra and lifetimes of crystalline samples of the

title compounds at 77 K are correlated with phase changes of the solids. The

ease of conversion among phases is a general property of this class of

materials. For bis(benzenethiol)(2,9-dimethyl-l,10-phenanthroIine)zlnc(II)

complete structure determinations were made of both phases. The attendant

changes of the optical properties are ascribed to rotation of the planes of the

two thio) rings on a single zinc ion from an approximately perpendicular to a

neariy face-to-face conformation as the slowly neated crystal undergoes the

phase change. The relevance of these results to the problem of charge-

separation in solids is discussed. Accession For
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Dist



I ntroductIion

Luminescence from zinc complexes has been used extensively in this

laboratory to monitor the effects of subtle structural changes upon the relative

rates of radiative and radiationless processes in the crystals and solids. Of

particular interest is the process of charge separation. Recently we extended

our studies to the solid state where thermal barriers to radiationiess processes

have been observed.1 In the course of these investigations we nave discovered

that some of the complexes exhibit at least two crystalline phases and that the

attendant luminescence properties are sensitive functions of the phase ourity.

Moreover, complete conversion to the high temperature Phase can be accomolishea

by heating to temperatures just below the melting point. A detailed

crystallographic study of two phases of the Zn(PhS)2 (2,9-Me2 -phen)2 complex

reveals that the principal structural change that has occurred involves the

relative orientation of the phenyl rings of the two coordinated thiols.

Experimental Section

Synthesis. To a solution of zinc acetate dirydrate (0.22 g, 1 mmol)

dissolved in 100 mL of hot ethanol a solution of rediscilled benzenethiol (0.2i

mL, 2.1 mmol in 10 mL etnanol) was added dropwise with stirring. As the second

mmol was added, a white precipitate formed. After five minutes of continual

stirring 2,9-dimethyl-l,10-phenanthroline (0.21 g, I mmol) dissolved in 10 mL of

ethanol was added dropwise. The mixture was heated and stirred for a half hour

as it gradually turned to a deep yellow solution. It was set aside to cool.

After 2-3 days at room temperature crystals were harvested and washed with

ethanol. Although the reactions were routinely carried out under N2 , the

products did not appear to be air-sensitive. A faint odor of thiol was evident

when sample vials were opened, but old samples produced luminescence essentially



indistinguishable from fresh ones. All the compounds reported in this article

were synthesized by the same method.

Although Zn(PhS)2(2,9-Me2-phen) generally produced monoclinic crystals,

recrystallization of a sample at room temperature in an open Deaker yielded,

adventitiously, a crop of large orthornombic needles. We have been unable to

repeat this result, but enough orthorhombic crystals were acquired to carry out

the series of measurements reported here on that phase. In the case of Zn(4-Cl-

PhS).,(2,9-Me 2-phen) two crystal tvoes were obtained simultaneously from the

mother liquor and could be separated mechanically. The Zn(PhS) 2 (2,9-Me2-4,7-

Ph2-pnen) molecule was only obtained in the 'low temperature' onase aurina the

initial crystallization process.

Optical Measurements. Emission studies at 77 K were performed in a Pyrex

dewar. Crystals were suspended in a thin film of mineral oil that was held by

surface tension within a wire loop immersed in liquid N2. The samples were

excited by the 364-nm line from a Coherent 90-5 UV argon ion laser. Typical

intensities were 0.3 mW mm- 2  The emitted light was dispersed by an Instruments

SA HR-640 grating monochromator (1200 lines/mm) and detected with a Harnmamatsu

R943 pnotomultiplier. The signal was measured by a Stanford Research Systems

SR400 photon counter in either cw or gatec mode. All reported spectra were

corrected for spectral response of the system by means of a standard tungsten

I amp.

For lifetime measurements the cw beam was square-wave modulated with a

Conoptics Model 10/380 Electro-optic Modulator driven by a Wavetek 191 Function

Generator. The time resolution (100 ns) was limited by the 10-MHz response

frequency of the modulator. The curves were fit over 5 decay times for which

the baseline was cnosen to be at the minimum point. This procedure was

necessary because the system does not provide 100% depth of modulation.



DSC Measurements. The differential scanning calorimetric measurement was

performed on a Perkin-Elmer DSC7 instrument. Orthorhonbic Zn(PhS) 2 (2,9-Me2-

phen) crystals (14.3 mg) were grouna to a fine powder and sealed in an aluminum

sampie cup. The reference was a similar can seateo with air. A scan rate of

I0°C per minute was employed. A 77 K emission spectrum confirmed that grinding

the crystals did not induce a phase change.

Crystallographic Data Collection and Structure Determinations. X-ray

diffraction data collections were performed on a Syntex P2 diffractometer

upgraded to Nicolet P3F speficications, and the structures were solved by

employing airect methoas with the version 5.1 SHELXTL structure solution

package.3  Data for both forms of the complex were collected by means of

graphite monochromated Mo Ka radiation.4  Accurate unit cell parameters were

obtained through centering of 25 reflections with 20 values between 290 ind 360

for the monoclinic form and 200 and 260 for the orthorhombic form of the

complex. Empirical absorption corrections were made assuming an ellipsoidal

crystal for both the monoclinic and orthorhombic forms of the complex.

Pertinent crystallogrphic parameters are included in Table I with a more

complete table of crystallographic Parameters available through supplementary

material.

For both forms of the complex direct methods revealed the zinc atoms.

Subseauent difference maps revealea the Dositions of ali other non-hydrogen

atoms. Hydrogen atoms were fixed at calculated positions (rCH = 0.96 A). The

thermal parameters were anisotropic on all non-hydrogen atoms for the monoclinic

form of the complex. For the orthorhombic form the thermal parameters were

anisotrooic on all non-caroon, non-hydrogen atoms ana on setected carbon atoms

expected to exhibit the most thermal motion (Table IV). Tne thermal parameters

for all hydrogen atoms were fixed at approximately 1.2 times the corresponding

I I IIII III.I



heavier atom thermal Parameter. Selected bond lengths and angles are given in

Tables 11 and Ill, respectively. Atomic coordinates and thermal parameters are

given in Table IV. The standard ACS X-ray data collection parameters long form,

complete bond lengths and angles. complete listings of hydrogen atom positions

and anisotropic thermal parameters as well as a tabulation of the Fo: and :Fc:

values have been deposited.

Results

Phase Changes. The incidence of a phase transition could be monitored

visually in a melting point apparatus. As the temperature of the low-

temperature Phase (orthorhombic) was raised, a subtle, but definite, cracking

could be observed over a narrow range. No other physical changes were evident

until the crystals approached their melting points when a decided darkening of

the color set in. Once taken through the phase change, by heating, the crystals

remained in the high temperature metastable Phase upon cooling. Holding the

temperature for several days just below the transition temperature did not

regenerate the second phase. The phase transition temperatures as determined

by cracking are given in Table V along with the melting points.

A differential scanning calorimetric measurement was performed on a

powdered sample of Zn(PhS)2 (2,9-Me2 -pnen) in the orthorhombic phase. The onset

of an endothermic transition was detected by DSC at 1400C and finally peaked at

1440C.

Structure Description. Both forms of the complex Zn(PhS) 2 (2,9-Me 2 -phen)

pack as discrete molecules with a distorted tetrahedral geometry around the

central zinc atom (Figure 1). The zinc-sulfur bond lengths are 2.255(2) A for

Zn-S1 and Zn-S 2 in the monoclinic form and 2.257(4) A and 2.270(3) A in the

orthorhombic form, respectively. For a regular tetrahearon, bond angles would

be expected to be 109.50; however, in both forms of the complex the bond angles



are notably different from this ideal value (Table I1). This is expected due

to the nature of the N.N-heterocycle and the possibility of a large degree of

flexibility in the thiol ligana. The 2,9-Me 2-pnen ligand defines a Plane in

both forms of the comoiex and exhibits a rocking motion in that Diane as

observed from the thermal ellipsoids shown in Figure i. It appears that the

methyl substituents effectively lock in the ligana so that motion perpendicular

to the olane of the ligana is significantly reduced when compared to other

planar N.N-heterocyciic iigands that laCK methyl Suostituents.

The benzenethiol ligands adopt a different orientation with respect to each

other depending on the crystal form. in tne monocilnic phase they are more face

to face and are in fact symmetricaiiv related tnrougn an inversion operation.

In the orthorhombic form the planes of the benzene rings are more perpendicular

to each other and are not related by symmetry. This understandably affects the

bond angles around the sulfur atoms in these two complexes (Table 1I1) and might

account for the observed photophysical differences (vide infra). There appear

to be no abnormally long carbon-nitrogen, carbon-carbon, or carbon-sulfur bonds

in either of the two crystalline forms.

The planes of one substituted-phenanthroline ligand overlap with a

substituted-pnenantnroline ligana on an adjacent moiecule to produce a Pseudo-

dimer (Figure 2). The overlap, however, is not especially good and has been

observed to be much better in other multinuclear zinc dithiol comolexes. 5  The

distance separating the two ligands within the pseudo-dimer is 3.36(l) A and

3.45(1) A for the monoclinic and orthorhombic forms, respectively. Both phases

of the complex appear to exhibit their pseudo-dimeric packing with benzenethiol

liganos located between the Dseudo-dimers (Figure 3); however, there is no

significant overlap of the thinl ligands with the phenanthroline moieties of the

pseudo-dimer units. We note that this packing does not appear to generate a



one-dimensiona linear chain system in either form, since only interactions

within the pseudo-dimers are possible.

Spectral Data. Essential emission spectra are Presented in Figures 4 - 6.

In Figure 4 the spectrum of the ortnornomDic pnase cf Zn(PhS)7(2,9-Me -Pnen) is

seen to peak at 660 nm, whereas that of the monoclinic pnase maximizes at

565 nm. Although the plotted spectra are normalized, the latter emission is

significantly (5x) Orighter than the former. Moreover, a hint of structure

appears on the high energy siae of the spectrum of the monoclinic crystals.

This feature is enhanced when the sample is cooled to 4.5 K (not shown) but

never appears in the emission from tne ortnornombic materiai. (There is also a

very weak iong-iiveo structurec T-rT phosphorescence in the 77 K spectrum of the

monoclinic phase that obviously arises from the 2,9-Me 2-phen ligand.) In the

spectrum from the orthorhombic phase at 4.5 K a shoulder becomes apparent at

530 nm. It is important to note that the optical properties of the monoclinic

phase are the same irrespective of whether the sample was obtained directly from

the or-iginal preparation or from maintaining an orthorhombic crystal for several

minutes at 150 0C, i.e.. about 10°C above the transition temperature.

In Figure 5 spectra of Zn(4-Cl-PhS) 2 (2,9-Me2-phen) are displaved. The

emission from the low-temperature Pnase maximizes at 590 nm and that of the

second phase at 550 nm. The latter emission is brighter (3x) than the former

and can be generated either by holding the low-temoerature Phase at 193 0C for

three minutes or using the translucent crystals that were originally separated

mechanically from the mother liquor.

In Figure 6 the emission data for Zn(PhS)2 (2,9-Me2-4.1-Ph 2-phen) are shown.

The structured emission of the first Phase is replaced by a diffuse band that is

considerably red-shifted from the former and peaks at 650 nm. The latter

spectrum was obtained by maintaining the originally obtained crystals at 132 0 C



for three minutes. This temperature is aDove tne phase transition temperature

but well beiow the melting point of the suostance.

Although the cecay times of tne emissions are often non-exponentiai, it is

significant that they. too, are inoeDenaent of :ne way the onase was Droauceo.

Decay curves from crystals of a nic temperature pnase ootainea airectlv upon

crystallization are identical to those obtained from this same phase wnen it was

generated Ov annealing the other onase, as oreviousiy aescribed.

Discussion

The discovery of multiple crystalline Pnases of memoers of this class of

compiexes ana the suosequent aeterminations of the two crystal structures of

Zn(PhS) 2 (2,9-Me2-phen) are significant advances in our goal to understand the

factors determining energy conversions among states in these substances. In

particular, the origin of the previously reported thermal barriers to energy

migration between TT-* and ligand-iigana charge-transfer (LLCT) states is a

major aoal. I  As the spectra clearly reveal, the dependence of the emission

parameters on solid state structure is significant (vide infra). Although

changes in lifetime are certainly expected since decay times are generally

observed to be very sensitive to small perturbations of the structure. the large

shifts in the emission energies were unexpected. Shifts of 1200 cm-' of Peak

maxima subsequent to a thermally-induced Phase change indicate major

perturoations of the energy levels of the molecules.

Some correlations among the various sets of data are obvious. In general,

at 77 K the low-temperature phases display shorter, often non-exponential, decay

times and the spectra are much weaker than those from the high temperature

phases, which also yield aecays at 77 K tnat are more nearly exponential. We

conjecture that the low-temperature Phase possesses more thermal motion in the

crystal. particularly as the phase transition temperature is approached, and



that tnis leads to ennanced radiationless coupling and lower emission quantum

yields. There may also ne more than one low-temperature phase in some cases.

In general, tne emission Dand of the nign temperature phase is Diue-snifted from

that emanating from tne other onase, out the Zn(PhS),(2.9-Me9 -4.7-Pn?-pnen)

complex supplies the counter exampie. Tnere appears to oe a correlation Detween

the ease of producing 00th crystalline forms simultaneously during preparation

or recrystaliization---the cioser :ne Dhase-transition temperature is to the

meitina Doint. the cetter :ne cnances fo' narvestina cotn tvoes ct :rvstais.

This seems kinetically and thermodynamically reasonable.

To search for structural factor(s) aictating tne iarge energy snifts of

the emissions oetween tMe two ociservea onases, we aDDeai to tne aetaiieo

crystallographic data on Zn(PhS)2 (2,9-Me2-nen). As Tables 2 and 3 show, only

minor changes in bond lengths and angles occur when the crystallographic

morphology changes. Moreover, botr forms of the complexes exhibit a pseudo-

dimeric Packing in the crystals and the ring overlap with adjacent molecules is

not especially good. Thus, we find no compelling reason to attribute the large

spectral shift of the emission to intermolecular factors. Indeeo, the only

salient structural difference between the two forms appears to be the relative

orientation of the thioi rings coorainated to the same zinc ion. in the

monoclinic (high-temperature) Pnase the rings approach a face-to-face

orientation and are. in fact. relatec oy svmmetr'y, out in tne orthornomoic Phase

the two ring planes are almost Perpenoicuiar.

If one accepts the notion that the energy shift of the emission can be

ascribed to the change in the orientation of the thiol rings, then the orbital

natures of the excited states from wnicn emission occurs must be considered.

Previously the broad, diffuse oanos from these complexes have been assigned to

LLCT transitions. 6 "7 Excitation of the complex to this kind of configuration

transfers negative charge from the HOMO on the thiols to the LUMO on the



pnenanthroline ligana. Face-to-face orientation of the thioi rings should lower

the ground state and therefore raise the energy of the transition, precisely

what is observed. This argument ignores the energy involved in twisting the

Diane of tne one tnioi -ino witn respect to tne piane defined by tne -, Zn. and

S-linked carbon atom '- the thiol ring. For aromatic tniois in the gas phase

this energy has been aetermined to be ca. 300 cm-, 8 ,9 but the difference in

twisting energy between a H-S and Zn-B linkage and the onenvi ring is unKnown.

If the ground state energy of the twisted ring conformation is raised with

respect to the face-to-face arrangement, as the gas phase measurements on the

ligand imply, then the emission from this form should also be red shifted. as

observed. Thus. we tentatively ascribe the ooserved oiue-snift of the emission

spectrum of Zn(PhS)2 (2.9-Me2 -phen) to a stabilization of the ground electronic

state of the complex due to the dispersion forces between the two face-to-face

thiol rings and a possible barrier to twisting the thiol ring with respect to

the plane of the Zn-S-C linkage. For the complex that displays a red-shift of

the emission when it is converted to the high-temperature form, then one would

predict a destabilization of the ground state in the latter phase. The relative

thermodynamic stabilities of the phases would be governed by both energetic and

entropic terms, nowever.

The results from these studies shed light on several problems we have

encountered during our investigations of these and analogous closed-shell

complexes, in glass matrices we nave never neen able to obtain strictly

exponential decays and we are convinced that multiple conformations of the

complexes lie at the root of the Problem. Evidently, the lack of any strong

electronic factors dictatina the geometry allows several conformations of

comparable energy to be realized in a glass matrix and produce both multiple

decays and LCCT bands.



The current results aiso explain why thermally accessible barriers between

w-7" and LLCT excited states are difficult to design into the complexes by

making subtle chemicai substitutions on the chelated rings. Barriers only

appear when the states separating them are neariy isoenergetic. i.e., lie within

a few hundred wavenumbers.10 Since conformational chanqes in the crystal lead

to energy shifts that exceed this limit, then the somewhat capricious occurrence

of thermally accessible oarriers oecomes understandable.

Finally, we comment on the reievance of tnese results to the fundamental

process of charge separation in molecules and solids. If thermally surmounting

barriers between Tr-tf' and LLCT excited states in these comoounds does indeed

represent irreversible conversion to a charge-separated configuration, then the

sensitive dependence of the barrier height and, thereby, the rate of the

separation process, on the conformation of the complex could explain how very

minor changes in structure can lead to enormous changes in rates.
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FIGURE CAPTIONS

Figure 1. ThermaI elliosoid Plots of the structure of Zn(PhS),(2,9-Me2-pnen):

monoclinic phase (top); orthornombic phase (bottom).

Figure 2. Projection diagrams of Zn(PhS)2 (2,9-Me2-pnen) showing overlaps of

N,N-heterocyclic rings of aajacent molecules.

Figure 3. Stereopacking diagrams of Zn(PhS) 2 (2,9-Me2-phen): monoclinic phase

(top); orthornombic Phase (bottom).

Figure 4. Emission spectra of Zn(PhS) 2 (2,9-Me2-phen) at 77 K: A, monoclinic

phase; B, orthorhombic phase.

Figure 5. Emission spectra of Zn(4-CI-PhS) 2(2,9-Me2-phen) at 77 K: A, clear

yellow crystals; B, clear yellow crystals after undergoing a phase transition.

This spectrum is identical to that obtained from the originally-obtained

translucent yellow crystals.

Figure 6. Emission spectra of Zn(PhS) 2 (2,9-Me2-4,7-Ph 2-phen) at 77 K: A,

original crystals; B, crystals after annealing at 132 0C (3 min).
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Table I. Crystallographic Data for the Monoclinic and Orthorhombic
Crystals of Zn(Ph-S)2(2,9-Me2phen)

monoclinic orthorhombic

chemical formula ZnC26H22N2S2) ZnC26H22N2S2
formula weight 491.69 491.69
space group C 2/c Pbca
a, A 15.418 (3) 27.296 (8)
b, A 13.154 (2) 13.941 (3)
c.A 11.556 (2) 12.139 (5)
fl, de9 101.46(1)
V, A 2297.1 (6) 4619 (2)
Z 4 8
T ambient ambient
., A 0.71069 0.71069

Pcalcd, g-cm 3  1.42 1.41
t, cm - 1  12.9 12.8

R(Fo) 0.0539 0.0864
Rw(Fo) 0.0493 0.0490



Table II. Selected Interatomic Distances (A) for the Monoclinic and
Orthorhombic Forms of Zn(Ph-S)2(2,9-Me2phen)

monoclnic orthorhombic

Zn-S(1) 2.255 (2) 2.257 (4)
Zn-S(2) 2.255 (2) 2.270 (3)
Zn-N(1) 2.086 (4) 2.128 (7)
Zn-N(2) 2.086 (4) 2.114 (7)
S(1)-C(1) 1.758 (4) 1.768 (10)
S(2)-C(7) 1.758 (4) 1.777 (9)
C(1)-C(2) 1.391 (7) 1.362 (15)
C(1)-C(6) 1.388 (7) 1.398 (15)
C(7)-C(8) 1.391 (7) 1.395 (14)
C(7)-C(12) 1.388 (7) 1.381 (14)



Table IEI. Selected Interatomic Angles (deg) for the Monoclinic and
Orthorhombic Forms of Zn(Ph-S)2(2,9-Me2phen)

monoclinic orthorhombic

S(1)-Zn-S(2) 134.5 (1) 138.1 (1)
S(1)-Zn-N(1) 106.7 (1) 106.2 (2)
S(2)-Zn-N(1) 107.7 (1) 103.9 (2)
S(1)-Zn-N(2) 107.7 (1) 105.3 (2)
S(2)-Zn-N(2) 106.7 (1) 108.6 (2)
N(1)-Zn-N(2) 80.2 (2) 79.0 (3)
Zn-S(1)-C(1) 109.8 (2) 110.4 (4)
Zn-S(2)-C(2) 109.8 (2) 111.9 (3)
C(2)-C(1)-S(1) 124.5 (4) 120.6 (8)
C(6)-C(1)-S(1) 117.5 (4) 121.8 (8)
C(8)-C(7)-S(2) 124.5 (4) 117.9 (7)
C(12)-C(7)-S(2) 117.5 (4) 124.3 (7)



Table IV. Atomic Positional Parameters (x 104 ) for the Monoclinic and Orthorhombic Forms of Zn(Ph-
S)2(2,9-Me2phen)

monoclinic orthorhombic

x y Ua x Ua

Zn 0 2617 (1) 2500 49 (1) * 1291 (1) 4609 (1) 3496 (1) 44 (1) *
S(1) 1108(1) 1954(1) 1725 (1) 77 (1)* 1928(1) 5162(2) 4500 (3) 87 (2)*
S(2)b 705 (1) 5209 (2) 2364 (3) 61 (1) *
N(1)b 1553 (3) 3377 (5) 2646 (7) 39 (3) *
N(2) -518 (2) 3830 (3) 1417 (3) 55 (1) * 980 (3) 3498 (5) 4453 (6) 36 (3) *
C(1) 1381 (3) 739 (3) 2320 (4) 57 (2) * 1913 (4) 6429 (7) 4566 (9) 45 (3)
C(2) 1034 (3) 308 (4) 3229 (4) 69 (2) * 2110 (4) 6969 (8) 3742 (9) 57 (4)
C(3) 1269 (3) -667 (4) 3627 (5) 72 (2) * 2125 (4) 7967 (8) 3816 (10) 64 (4)
C(4) 1851 (4) -1229 (4) 3139 (5) 78 (2) * 1937 (4) 8418 (8) 4710 (10) 64(4)
C(5) 2208 (4) -808 (4) 2251 (5) 80 (2) * 1741 (4) 7903 (7) 5551 (9) 61 (4)
C(6) 1971 (3) 165 (4) 1829 (4) 65 (2) * 1733 (4) 6903 (7) 5497 (10) 61(4)
C(7)b 633 (3) 6468 (6) 2531 (8) 31(3)
C(8)b 391 (3) 6973 (7) 1700 (9) 53 (3)
C(9)b 317 (4) 7948 (8) 1823 (9) 61(4)
C(10)b 477 (3) 8433 (7) 2734 (9) 55 (3)
C(l1)b 706 (3) 7944 (7) 3581 (9) 57 (3)
C(12)b 781 (3) 6973 (7) 3451 (9) 50 (3)
C(13)b 1841 (4) 3340(7) 1751 (10) 52(3)
C(14)b 1970 (3) 2448 (8) 1307 (8) 58 (3)
C(15)b 1823 (3) 1633 (7) 1774 (8) 51 (4) *
C(16)b 1522 (3) 1633 (7) 2709 (8) 43 (3)
C(17)b 1353 (4) 782 (7) 3249 (9) 62 (5) *
C(18) -266 (6) 6589 (4) 1998 (11)154 (9) * 1059 (4) 876 (8) 4154 (10) 68 (6) *
C(19) -553 (5) 5676 (4) 1379 (8) 102 (3) * 920 (4) 1766 (7) 4626 (9) 48 (3)
C(20) -1095 (6) 5603 (7) 273 (10)136 (5) * 634 (3) 1894 (7) 5555 (8) 58 (5) *
C(21) -1350 (5) 4682 (8) -231 (7) 123 (4) * 526 (4) 2789 (8) 5918 (9) 57 (4)
C(22) -1053 (4) 3785 (5) 352 (5) 80 (3) * 699 (4) 3585 (7) 5338 (8) 42 (3)
C(23) -284 (3) 4738 (3) 1923 (4) 66 (2) * 1092 (3) 2605 (8) 4079 (8) 35 (3)
C(24)b 1396(3) 2539(6) 3121 (7) 32(3)
C(25)b 1999 (4) 4277 (8) 1305 (10) 78 (6) *
C(26) -1277 (4) 2777 (5) -148 (5) 113 (3) * 584 (4) 4587 (8) 5736 (8) 67 (5) *

a Isotropic thermal parameters (A2 x 103) with anisotropic atoms marked with an asterisk. Equivalent
isotropic U defined as one-third of the trace of the orthogonalized Uij tensor.

b Atoms generated by an inversion symmetry operation.



Tabie V. Phase Change Tenveratures, Melting Points, and Decay Times

omonaPhase Change, M.P. OC(77 0 CL,,u

Zn(PhS)2 (2.9-Me2-phen)

monocl inic -217-218 230d

ortm-ornomoic 136-143 217-218 (0.1, 0.3, 4.3

Zn(4-C I-PhS) 2 (2.9-Me2-pnen)

translucent yellow crystals - 224-225 5d

clear yellow crystals 185-187 224-225 3.9. 280

Zn(PtS)2 2 47P -hn
(2. 9-Me2-,7P 2-en

hi gh-temperature phase 181-183 15, >1000e.

low-temperature phase 125-130 181-183 7, 99e

Zn(F 5-PhS) (2,9-Me2-phen) 180-182 206-207

SZn(PhS) 2(2,9-tle2-pnen) =bis(benzenethiol)(2.9-dimethyl-i,10-pnenanthroline)-

zinc(11); Zn(A-Cl-PhS)2 (2,9-Me -phen) = bis(4-crhlorobenzenethiol)(2.9-

dimethyl-1,1O-olenantrnroline)zinc(11); Zn(PhS) 2(,Me- ,7P 2-pe) b

(benzenethiol)(2,9-dimethyl-4,7-dipheny,-i,10-phenanthroline)zinc(1I); Zn(F5-

PbS) (2.9-Me2-onen) bi s(pentafluorooenzenethiol )(2, 9-dimethyl- i, l-phenan-

b estimated from observing cracking in melting point apparatus.

c Xe = 363.8 nm.

dl measured at 600 nm.

e masured~ at 650 rn., dominant components.
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Table S-I. X-ray Data Collection Parameters

monoclinic orthorhombic

empirical formula ZnC26H22N 2S2 ZnC 26H 22N2S2
molecular weight, g/mole 491.69 491.69
crystal class monoclinic orthorhombic
space group C2/c Pbca
orientation reflections

number, 20, deg 25, 29 < 20 < 36 25, 20 < 20 < 26
a, A 15.418 (3) 27.296 (8)
b,A 13.154 (2) 13.941 (3)
c, A 11.556 (2) 12.139 (5)

a, deg 90.0 90.0
fl, deg 101.46(1) 90.0
y, deg 90.0 90.0
V, A3 2297.1 (6) 4619 (2)
Z 4 8

pcalcd, g-cm 3  1.42 1.41
crystal size, mm 0.58 x 0.20 x 0.15 0.43 x 0.14 x 0.15
;4 cm-1  12.9 12.8
diffractometer system Upgraded Syntex P2 1  Upgraded Syntex P21

radiation Mo Kct (.71069) with graphite monochrometer
absorption correction ellipsoidal ellipsoidal
transmission range 0.849 < x < 0.944 0.729 < x < 0.953
te nre ambient ambient
scan method CO CO
data collection range 3 < 20 < 45 3 < 20 < 45
scan speeds, deg/min 4 < x < 29.3 4 < x < 29.3
no. of unique data;

total number with
F0

2 > 3a (Fo2)2  2118; 1559 3023; 1706
total parameters refined 144 186
R a 0.0539 0.0864
Rwb 0.0493 0.0490
g 0.0004 0.0001
goodness of fit 1.348 1.576

IA/oi (rin) 0.002 0.016

IA/ot (max) 0.012 0.072
largest peak on

final difference map 0.498 0.666

a R 2; IIFo - IFcII
ZIFoI

bRw I (IFI - IFcI) 2 '/2 w

Z IF 0 12 w -[a 2(F) + g(F )21



Table S-fl. Bond Lengths (A) for the Monoclinic and
Orthorhombic Forms of Zn(Ph-S)2(2,9-Me2phen)

monoclinic orthorhombic

Zn-S(1) 2.255 (2) 2.257 (4)
Zn-S(2) 2.255 (2) 2.270 (3)
Zn-N(1) 2.086 (4) 2.128 (7)
Zn-N(2) 2.086 (4) 2.114 (7)
S(1)-C(1) 1.758 (4) 1.768 (10)
S(2)-C(7) 1.758 (4) 1.777 (10)
N(1)-C(13) 1.340 (6) 1.341 (14)
N(1)-C(24) 1.346 (6) 1.371 (11)
N(2)-C(22) 1.340 (6) 1.327 (12)
N(2)-C(23) 1.346 (6) 1.361 (13)
C(1)-C(2) 1.391 (7) 1.362 (15)
C(1)-C(6) 1.388 (7) 1.398 (15)
C(2)-C(3) 1.386 (7) 1.395 (16)
C(3)-C(4) 1.368 (8) 1.356 (16)
C(4)-C(5) 1.374 (9) 1.358 (16)
C(5)-C(6) 1.392 (8) 1.396 (14)
C(7)-C(8) 1.391 (7) 1.395 (14)
C(7)-C(12) 1.388 (7) 1.381 (14)
C(8)-C(9) 1.386 (7) 1.383 (15)
C(9)-C(10) 1.368 (8) 1.368 (15)
C(1O)-C(11) 1.374 (9) 1.384 (14)
C(11)-C(12) 1.392 (8) 1.379 (13)
C(13)-C(14) 1.391 (12) 1.400 (15)
C(13)-C(25) 1.461 (10) 1.478 (15)
C(14)-C(15) 1.368 (14) 1.330 (14)
C(15)-C(16) 1.383 (13) 1.401 (14)
C(16)-C(17) 1.423 (10) 1.433 (14)
C(16)-C(24) 1.411 (8) 1.402 (13)
C(17)-C(18) 1.281 (22) 1.367 (16)
C(18)-C(19) 1.423 (10) 1.418 (15)
C(19)-C(20) 1.383 (13) 1.383 (14)
C(19)-C(23) 1.411 (8) 1.425 (14)
C(20)-C(21) 1.368 (14) 1.356 (15)
C(21)-C(22) 1.391 (12) 1.396 (15)
C(22)-C(26) 1.461 (10) 1.511 (14)
C(23)-C(24) 1.443 (9) 1.430 (13)



Table S-IL Bond Angles (deg) for the Monoclinic and Orthorhombic
Frw os 2ftn(Ph-S)2(2,9-Me2ph-n)

monaclinic orhambic
S(1)-Zn-S(2) 134.5 (1) 138.1 (1)
S(1)-Zn-N(1) 106.7 (2) 106.2 (2)
S(2)-Zn-N(1) 107.7 (1) 103.9 (2)
S(1)-Zn-N(2) 107.7 (1) 105.3 (2)
S(2)-Zn-N(2) 106.7 (1) 108.6 (2)
N(1)-Zn-N(2) 80.2 (2) 79.0 (3)
Zn-S(1)-C(1) 109.8 (2) 110.4 (4)
Zn-S(2)-C(7) 109.8 (2) 111.9 (3)
Zn-N(1)-C(13) 127.5 (4) 128.3 (6)
Zn-N(1)-C(24) 112.4 (3) 112.2 (6)
C(13)-N(1)-C(24) 120.0 (4) 119.5 (8)
Zn-N(2)-C(22) 127.5 (4) 127.6 (6)
Zn-N(2)-C(23) 112.4 (3) 113.4 (6)
C(22)-N(2)-C(23) 120.0 (4) 119.0 (8)
S(1)-C(1)-C(2) 124.5 (4) 120.6 (8)
S(1)-C(1)-C(6) 117.5 (4) 121.1 (8)
C(2)-C(1)-C(6) 118.0 (4) 118.1 (9)
C(1)-C(2)-C(3) 120.8 (5) 121.1 (10)
C(2)-C(3)-C(4) 120.9 (5) 120.2 (11)
C(3)-C(4)-C(5) 118.9 (5) 120.4 (11)
C(4)-C(5)-C(6) 121.1 (5) 119.9 (10)
C(1)-C(6)-C(5) 120.3 (5) 120.3 (10)
S(2)-C(7)-C(8) 124.5 (4) 117.9 (7)
S(2)-C(7)-C(12) 117.5 (4) 124.3 (7)
C(8)-C(7)-C(12) 118.0 (4) 117.8 (9)
C(7)-C(8)-C(9) 120.8 (5) 119.2 (10)
C(8)-C(9)-C(10) 120.9 (5) 121.8 (10)
C(9)-C(10)-C(I 1) 118.9 (5) 120.1 (10)
C(10)-C(II)-C(12) 121.1 (5) 117.8 (10)
C(7)-C(12)-C(1 1) 120.3 (5) 123.3 (9)
N(1)-C(13)-C(14) 119.4 (6) 119.5 (9)
N(1)-C(13)-C(25) 117.3 (5) 115.7 (9)
N(1)-C(24)-C(16) 123.6 (5) 122.7 (8)
N(1)-C(24)-C(23) 117.5 (2) 118.0 (8)
N(2)-C(22)-C(21) 119.4 (6) 122.1 (9)
N(2)-C(22)-C(26) 117.3 (5) 117.6 (8)
N(2)-C(23)-C(19) 123.6 (5) 121.4 (8)
N(2)-C(23)-C(24) 117.5 (2) 117.4 (9)
C(14)-C(13)-C(25) 123.3 (6) 124.8 (10)
C(13)-C(14)-C(15) 120.3 (7) 121.3 (9)
C(14)-C(15)-C(16) 121.7 (8) 121.4 (9)
C(15)-C(16)-C(17) 126.4 (7) 124.1(9)
C(15)-C(16)-C(24) 114.9 (6) 115.6 (9)
C(17)-C(16)-C(24) 118.7 (7) 120.2 (9)
C(16)-C(17)-C(18) 122.3 (5) 118.6 (9)
C(16)-C(24)-C(23) 118.9 (4) 119.3 (9)
C(17)-C(18)-C(19) 122.3 (5) 124.4 (10)
C(18)-C(19)-C(20) 126.4 (7) 126.4 (10)
C(18)-C(19)-C(23) 118.7 (7) 116.2 (9)
C(20)-C(19)-C(23) 114.9 (6) 117.4 (9)
C(19)-C(20)-C(21) 121.7 (8) 120.4 (9)
C(19)-C(23)-C(24) 118.9 (4) 121.2 (9)
C(20)-C(21)-C(22) 120.3 (7) 119.7 (10)
C(21)-C(22)-C(26) 123.3 (6) 120.3 (9)



Table S-IV. Anisotropic Thermal Parameters (A2 x 103 )a for the Monoclinic and
Orthorhombic Forms of Zn(Ph-S)2(2,9-Me2phen)

monoclinic

Zn 60 (1) 38(1) 52 (1) 0 20(1) 0
S(I), S(2) 98 (1) 53(1) 96 (1) 8(1) 60(1) 6(1)
N(1), N(2) 46 (2) 61(2) 60 (2) 21(2) 18 (2) 4 (2)
C(1), C(7) 61 (3) 49(3) 62 (3) -7(2) 19 (2) 1(2)
C(2), C(8) 79 (4) 58 (3) 80 (3) -2 (3) 35 (3) 0 (3)
C(3), C(9) 77 (4) 59 (3) 77 (4) 9 (3) 12 (3) -9 (3)
C(4), C(10) 72 (4) 58 (3) 99 (4) -5 (3) 4 (3) 5 (3)
C(5), C(I1) 66 (4) 78 (4) 96 (4) -21 (3) 14 (3) 12 (3)
C(6), C(12) 64 (3) 73 (4) 62 (3) -14 (3) 20 (3) 6 (3)
C(13), C(22) 50 (3) 132(5) 63 (3) 38 (4) 23 (3) 10 (3)
C(14), C(21) 60 (4) 210 (9) 106 (6) 90 (7) 33 (4) 44 (6)
C(15), C(20) 89 (6) 155 (8) 189 (10) 123 (8) 85 (7) 71(6)
C(16), C(19) 83 (5) 68 (4) 179 (7) 55 (5) 83 (5) 31(4)
C(17), C(18) 131 (12) 42 (3) 335 (23) 41(6) 154 (12) 23 (4)
C(23), C(24) 51 (3) 49 (3) 110 (4) 23 (3) 50 (3) 11(2)
C(25), C(26) 87 (5) 184 (8) 61 (3) -9(4) 3 (3) -33 (5)

orthorhombic

Zn 45 (1) 33 (1) 55 (1) -1 (1) -2 (1) -1 (1)
S(1) 83 (2) 42 (2) 137 (4) 11(2) -62 (2) -9 (2)
S(2) 68 (2) 44 (2) 72 (2) -14(2) -25 (2) 14 (2)
N(1) 42 (5) 34 (5) 41 (6) 10(5) -2 (5) 4(4)
N(2) 19 (5) 51 (6) 37 (6) 5 (5) -1 (4) -6 (4)
C(15) 52 (7) 55 (7) 47 (9) -21 (6) -25 (6) 16 (6)
C(17) 82 (10) 30 (6) 75 (11) -8 (7) -23 (9) 17 (7)
C(18) 72 (9) 39 (7) 93 (12) 5 (8) -5 (9) -5 (7)
C(20) 45 (7) 63 (8) 66 (9) 30(7) -7 (7) -24(6)
C(25) 65 (8) 100 (11) 69 (10) 26(9) 20 (8) 15(8)
C(26) 47 (7) 90 (10) 65 (9) -18 (9) 5 (7) 14 (8)

a The anisotropic temperature factor exponent takes the form: -2X2 (h2 a * 2 U 11 +• +
2hka * b * U12).



Table S-V. Hydrogen Atom Positions (x 104) and Isotropic Thermal Parameters (A2 x 103) for
the Monoclinic and Orhorhombic Forms of Zn(Ph-S)2(2,9-Me2phen)

monoclinic orthorhombic

x y z U x y z U

H(2) 626 691 3586 83 2239 6658 3099 67
H(3) 1020 -95i 4254 88 2268 8335 3230 70
H(4) 2006 -1906 3412 93 1945 9106 4752 85
H(5) 2628 -1191 1917 96 1606 8227 6180 81
H(6) 2217 439 1195 81 1604 6539 6102 78
H(8) a  277 6647 1052 61
H(9)a  150 8295 1252 79
H(10)a  430 9114 2786 68
H(llI)a  809 8269 4239 69
H(12)a  945 6630 4029 61
H(14)a  2167 2424 653 67
H(15)a  1927 1033 1464 61
H(17Ya  1443 159 2980 69
H(18) -478 7228 1650 177 939 300 4495 69
H(20) -1738 4654 -992 146 510 1345 5944 71
H(21) -1296 6213 -151 156 333 2874 6571 61
H(25A)a  2089 4197 546 84
H(25B)a  2280 4482 1719 84
H(25C')a  1745 4750 1363 84
H(26A) 1745 4750 1363 84 295 4619 6184 77
H(26B) 2280 4482 1719 84 577 5093 5200 77
H(26C) 2089 4197 546 84 869 4656 6193 77

a Atoms generated by an inversion symmety operation.
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